cystic fibrosis transmembrane conductance regulator; epithelial Na ϩ channel CYSTIC FIBROSIS (CF) results from mutations in the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR) (28) . CFTR is a cAMP-activated, ATP-dependent Cl Ϫ channel that also influences the transepithelial transport of other solutes, including Na ϩ via the epithelial Na ϩ channel (ENaC), Cl Ϫ via an outwardly rectifying Cl Ϫ channel, K ϩ via K ir 1.1, HCO 3 Ϫ , and ATP (5, 8, 18, 30) .
Functional interactions between CFTR and ENaC are observed in both epithelial and nonepithelial cells (6, 7, 14 -16, 27, 32, 35) . The activation of CFTR is generally associated with an inhibition of ENaC (12, 14, 16, 19, 32, 35) . In contrast, activation of CFTR leads to activation of ENaC in the sweat duct (27) , suggesting that the regulatory interactions between these two transporters are complex and perhaps tissue specific.
In Xenopus oocytes, regulatory interactions of CFTR and rodent ENaC appear to mimic those of the airway. There is decreased ENaC-mediated Na ϩ transport in the presence of CFTR (15, 16, 19, 35) and increased CFTR-mediated Cl Ϫ conductance in the presence of ENaC (7, 14 -16, 19, 32, 35) . However, observations of decreased ENaC-mediated Na ϩ transport on activation of CFTR in oocytes remain controversial (7, 23, 24) .
In oocytes, the forskolin/3-isobutyl-1-methylxanthine (IBMX)-regulated inhibition of ENaC by CFTR does not require expression of the full-length CFTR protein; a structurally and functionally intact first nucleotide-binding domain (NBD-1) appears critical. Forskolin/IBMX-dependent inhibition of ENaC is observed when ENaC is coexpressed either with wild-type (WT) CFTR truncation mutants containing an intact NBD-1 (29) or with a WT CFTR peptide fragment containing NBD-1 and the regulatory (R) domain (19) . A similar NBD-1/R peptide fragment containing the G551D mutation did not demonstrate forskolin/IBMX-regulated inhibition of ENaC (19) . CFTRs containing NBD-1 mutations, such as ⌬F508-CFTR and G551D-CFTR, lack regulatory interactions with ␣␤␥-murine ENaC (mENaC) when activated by forskolin-IBMX (31, 32) . These and other data (4, 29) suggest that form and/or function of NBD-1 is important in the inhibition of ENaC by activated CFTR. Interestingly, regulation of mENaC by ⌬F508 and G551D was restored by further activation or "repair" of these mutants with genistein (31, 32) , which may interact with CFTR's second nucleotide binding fold (NBD-2) (25) .
N1303K-CFTR, like ⌬F508-CFTR, has defective intracellular trafficking characteristic of a class II CFTR mutation (11) . Recent data also suggest that this mutation also may be deficient in an adenylate kinase activity that may be intrinsic to NBD-2 (26) . We hypothesized that the permissive temperature of the oocyte system would allow trafficking of N1303K-CFTR to the oocyte membrane and that activated N1303K would inhibit mENaC because its NBD-1 is structurally intact. We observed that N1303K-CFTR has low Cl Ϫ conductance but is still able to regulate mENaC on activation. We also observed reduced activation of N1303K by genistein and a lack of improved N1303K regulation of mENaC with genistein, which differs significantly from our previous data with ⌬F508 and G551D (31, 32) .
EXPERIMENTAL PROCEDURES
Materials. Forskolin, IBMX, and genistein were purchased from Sigma Chemical (St. Louis, MO). All other reagents were purchased from Fisher Chemical.
Expression of human N1303K-CFTR and mouse ENaC in Xenopus oocytes. A cDNA encoding human N1303K-CFTR was constructed by site-directed mutagenesis using a PCR-based mutagenesis technique, and its sequence was confirmed by automated analysis in The Children's Hospital of Philadelphia Nucleic Acid and Protein Core. N1303K-CFTR and mouse ␣␤␥-ENaC were expressed in Xenopus oocytes as previously described (16, 32) . Briefly, human N1303K-CFTR and murine ␣-, ␤-, and ␥-ENaC cRNAs were prepared with a cRNA synthesis kit (mMESSAGE mMACHINE, Ambion, Austin, TX) according to the manufacturer's protocol. cRNA concentrations were determined spectroscopically. Oocytes obtained from adult female Xenopus laevis (NASCO, Fort Atkinson, WI) were enzymatically defolliculated and maintained at 18°C in modified Barth's saline [mM: 88 NaCl, 1 KCl, 2.4 NaHCO 3, 0.3 Ca(NO3)2, 0.41 CaCl2, 0.82 MgSO4, 15 HEPES, pH 7.6 supplemented with 10 g/ml sodium penicillin, 10 g/ml streptomycin sulfate, and 100 g/ml gentamicin sulfate]. Each batch of oocytes obtained from an individual frog was injected (50 nl/oocyte) with a Nanoject II microinjector (Drummond Scientific, Broomall, PA), with ␣-, ␤-, and ␥-subunits of mENaC (0.33 ng/subunit), N1303K-CFTR (10 ng), or a combination of mENaC and N1303K-CFTR cRNAs dissolved in RNasefree water.
Electrophysiological analyses. Whole cell current measurements were performed 24 -48 h after injection with a two-electrode voltage clamp (TEV) method as previously described (16, 32) . Oocytes were placed in a 1-ml chamber containing modified ND96 (mM: 96 NaCl, 1 KCl, 0.2 CaCl 2, 5.8 MgCl2, 10 HEPES, pH 7.4) and impaled with micropipettes of 0.5-to 5-M⍀ resistance filled with 3 M KCl. In experiments examining whole oocyte currents in the absence of extracellular Cl Ϫ , the composition of the chamber solution was (mM) 96 Na aspartate, 1 K aspartate, 0.2 Ca(NO 3)2, 5.8 Mg(aspartate)2, and 10 HEPES, pH 7.4. The whole cell currents were measured by voltage clamping the oocytes in 20-mV steps between Ϫ140 and ϩ60 mV adjusted for baseline transmembrane potential (transmembrane potential of the oocyte under nonclamped conditions). Whole cell currents (I) were digitized at 200 Hz during the voltage steps, recorded directly onto a hard disk, and analyzed with pCLAMP 8 software (Axon Instruments, Foster City, CA). To reduce error due to series resistance, the voltage clamp (Axon Geneclamp 500B) was configured to clamp the bath potential to 0 mV. In this configuration, we independently monitored the oocyte membrane potential during our clamp protocol and routinely observed membrane potentials that were Ͻ5% depolarized from our target holding potentials.
The difference in whole cell currents measured in the absence and presence of 10 M amiloride was used to define the amiloridesensitive Na ϩ current that was carried by mENaC. N1303K-CFTR was activated by perfusion of the oocyte with buffer containing 10 M forskolin and 100 M IBMX for 20 or 25 min (16, 32) ; here (data not shown) and in our previous work (31) (32) (33) 35) , maximal activation of WT and mutant CFTR-mediated currents was achieved after 10 -15 min of such perfusion. In some experiments this first step was followed by incubation with 10 M forskolin, 100 M IBMX, and 50 M genistein for 20 min. In all experiments, N1303K-CFTR Cl Ϫ current was defined as the difference between amiloride-insensitive current measured before and after perfusion with forskolin-IBMX (or before and after perfusion with forskolin-IBMX-genistein). Whole cell currents were recorded at Ϫ100 mV for comparisons. All measurements were performed at room temperature.
Single-channel recordings. Single-channel studies of N1303K-CFTR-mediated Cl Ϫ conductance were performed as described by Suaud et al. (31) . Briefly, bath and pipette solutions were identical and contained (mM) 110 N-methyl-D-glucamine, 1.8 CaCl2, 2.5 KCl, and 10 HEPES, pH 7.4. Oocytes expressing N1303K-CFTR alone or both N1303K-CFTR and ␣␤␥-mENaC were placed in a hypertonic solution (bath solution supplemented with 200 mM sucrose, 10 M forskolin, 100 M IBMX, and 50 M genistein) for 5-10 min, and the vitelline membranes were then removed manually. Before recordings, oocytes were incubated for at least 20 min in the bath solution supplemented with 10 M forskolin, 100 M IBMX, and 50 M genistein. Patch pipettes with a tip resistance of 6 -20 M⍀ were used. Single-channel recordings were performed in the cell-attached configuration with an Axopatch 200B PatchClamp Amplifier (Axon) and a DigiData 1322A interface (Axon) connected to a Pentium 4 1.5-GHz PC (Gateway). Data were acquired with pCLAMP 9 (Axon) at 4 kHz, filtered at 1,000 Hz by a four-pole low-pass Bessel filter built in the amplifier, and stored on the hard disk. Single-channel currents were further filtered at 100 Hz with a Gaussian filter for analysis purposes.
Whole oocyte and cell surface expression. Surface expression was examined by a cell surface biotinylation assay as we described previously (36) . To facilitate detection of biotinylated mENaC subunits, these experiments used a ␤-mENaC subunit with a COOHterminal V5 epitope tag (␤-V5), also as previously described (36) . cRNAs for ␣␤-V5␥-mENaC were coinjected into Xenopus oocytes. After 48 h, oocytes were mechanically stripped of their vitelline membranes in hypertonic medium (300 mM sucrose in modified Barth's saline without penicillin, streptomycin, and gentamicin) and surface proteins were labeled with sulfo-NHS-Biotin (Pierce). Oocytes (10 per group) were subsequently lysed in 0.15 M NaCl, 0.01 M Tris-Cl, pH 8.0, 0.01 M EDTA, 1.0% Nonidet P-40, 0.5% sodium deoxycholate, 1.0 mM phenylmethylsulfonyl fluoride, 0.1 mM N-␣-p-tosyl-L-lysine chloromethyl ketone, 0.1 mM L-1-tosylamide-2-phenylethyl-chloromethyl ketone, and 2 g/ml aprotinin for 1 h at 4°C and centrifuged at 13,000 g for 15 min at 4°C. Biotinylated proteins were precipitated with streptavidin-agarose (Pierce) and subjected to SDS-PAGE. Biotinylated ␤-subunits were detected on blots probed with an anti-V5 antibody (Invitrogen). Densitometry was performed with an AlphaImager 2200 system (AlphaInnotech, San Leandro, CA).
Whole oocyte expression of ␤-V5-mENaC was assessed by immunoblot of whole oocyte lysate prepared with the lysis buffer and procedure described above.
Statistical analyses. Statistical comparisons were typically performed with the Student's t-test. A pairwise t-test was used for pre-/posttreatment in experiments using an individual oocyte. Where these data were not normally distributed, a Wilcoxon signed-rank test was used and the results are reported in the text as median (25%, 75%). A two-tailed t-test was used when comparing currents obtained from oocytes injected with a cRNA for a single transporter (i.e., ENaC or N1303K-CFTR vs. oocytes coinjected with cRNAs for both ENaC and N1303K-CFTR). ANOVA techniques were used when multiple comparisons were performed. In oocytes injected with ENaC and stimulated with or without forskolin-IBMX-genistein, because a Poisson distribution, rather than a Gaussian distribution, best described the data, the data were subject to a square root transformation before P value determination by a two-tailed t-test (37) . P values Ͻ0.05 were accepted to indicate statistical significance. All statistical analyses were performed with SigmaStat version 2.03.
RESULTS

Functional expression of N1303K-CFTR in Xenopus oocytes.
We used the Xenopus oocyte expression system and TEV technique to examine the functional expression of N1303K-CFTR. In vitro studies suggest that N1303K-CFTR is a class II CFTR trafficking mutant that does not achieve mature glycosylation and leads to a Cl Ϫ permeability defect similar to ⌬F508-CFTR (11). We hypothesized that the permissive temperature of oocytes (18°C) would allow N1303K-CFTR delivery to the oocyte plasma membrane. We measured whole cell currents at varying clamping potentials in oocytes injected with N1303K-CFTR cRNA ( Fig. 1 ) and generated I-voltage (V) curves from data obtained before and after 20 min of incubation with 10 M forskolin-100 M IBMX to activate endogenous protein kinase A (Fig. 1A) . Whole cell currents, measured at a holding potential of Ϫ100 mV, increased 1.8-fold from Ϫ0.05 Ϯ 0.01 to Ϫ0.09 Ϯ 0.06 A (mean Ϯ SE; n ϭ 25, P ϭ 0.02) in response to forskolin-IBMX. These data suggest that expression of N1303K leads to small amounts of forskolin/IBMX-stimulated Cl Ϫ current in oocytes. The linear I-V curve obtained is characteristic of CFTR expression in oocytes (31, 32) .
The isoflavone genistein increases Cl Ϫ transport by activated WT and mutant CFTRs including ⌬F508-CFTR and G551D-CFTR (13, 31, 32) . We therefore assessed the effect of genistein on oocytes injected with N1303K-CFTR. Figure 1B demonstrates the I-V relationship of N1303K-expressing oocytes before and after incubation with 10 M forskolin-100 l IBMX for 25 min followed by incubation with 10 M forskolin-100 M IBMX-50 M genistein for 15 min. Whole cell currents, measured at a clamp potential of Ϫ100 mV, increased twofold from Ϫ0.12 Ϯ 0.01 to Ϫ0.24 Ϯ 0.03 A (n ϭ 19, P ϭ 0.001) after addition of IBMX, forskolin, and genistein. These data are consistent with IBMX/forskolin-stimulated N1303K-CFTR-mediated Cl Ϫ current being at best modestly enhanced by genistein in Xenopus oocytes. Interestingly, this stimulation of activated N1303K-CFTR by genistein is minimal compared with our previously observed stimulation of ⌬F508-CFTR and G551D-CFTR by genistein (5.7-fold and 4-fold stimulation by genistein, respectively) (31, 32) .
To ensure that these small increases in whole oocyte current were not a result of nonspecific activation of endogenous channels, we also assessed I-V relationships of N1303K-injected oocytes in the presence of 5 mM tetraethylamine chloride, 5 mM BaCl 2 , and 200 M 4,4Ј-diisothiocyanostilbene-2,2Ј-disulfonic acid (DIDS) in the bath solution. These data are shown in Fig. 1C and are similar to the I-V relationships in the absence of these inhibitors of putative endogenous channels ( Fig. 1, A and B) . Unstimulated N1303K-mediated current at Ϫ100 mV was Ϫ0.38 Ϯ 0.09 A (n ϭ 8). The magnitude of this current increased to Ϫ0.55 Ϯ 0.14 A (P ϭ 0.021) after stimulation with IBMX-forskolin and to Ϫ0.71 Ϯ 0.24 (P ϭ 0.047 compared with unstimulated oocytes) after addition of IBMX, forskolin, and genistein. These data suggest that endogenous oocyte channels do not confound our observations. Coexpression of N1303K-CFTR and ␣␤␥-ENaC. Several groups have reported that when WT CFTR and either murine or rat ENaC were coexpressed in Xenopus oocytes ENaCmediated Na ϩ currents were inhibited in response to CFTR activation (7, 15, 16, 19, 32, 35) . Furthermore, the coexpression of ENaC enhances forskolin/IBMX-stimulated CFTR Cl Ϫ currents (7, 15, 16, 32, 35) . The mechanism by which this regulation occurs is not clear. Some have suggested that the decrease in ENaC-mediated currents reflects a series resistor error (23, 24) . Others have suggested that this decrease in ENaC functional expression requires CFTR-mediated Cl Ϫ transport (2, 20) . Such transport would presumably lead to an increase in cytosolic Cl Ϫ concentration, which can inhibit ENaC-mediated Na ϩ transport (10) . In contrast, our group's data suggest that activated CFTR acutely decreases the amount of mENaC in the oocyte membrane (35) , and others have suggested that an intact NBD-1 is required for this effect (19, 29) . On the basis of these considerations, we hypothesized that activated N1303K-CFTR might retain the ability to decrease mENaC functional and surface expression because it has an intact NBD-1. Furthermore, we felt that if activated N1303K-CFTR decreased mENaC functional and surface expression, it would be inconsistent with the notion that Cl Ϫ transport was important in such regulatory interactions.
We therefore assessed the interregulation of N1303K-CFTR and ␣␤␥-mENaC in oocytes. Ϫ current by coexpression of ␣␤␥-mENaC in oocytes is similar to the previously described enhancement of WT CFTR current by coexpression of ␣␤␥-mENaC in oocytes (7, 15, 16, 21, 32) .
In oocytes expressing ␣␤␥-mENaC, the amiloride-sensitive whole cell currents, measured at a clamp potential of Ϫ100 mV, were similar in the absence or presence of 10 M forskolin-100 M IBMX (Fig. 2B) ; these data are consistent with previous reports (22) and our group's data (32, 35) . Oocytes coinjected with both N1303K-CFTR and ␣␤␥-mENaC expressed amiloridesensitive whole cell currents (Ϫ2.48 Ϯ 0.70 A, n ϭ 26) in the absence of forskolin-IBMX that were similar to the oocytes expressing ␣␤␥-mENaC alone (compare open bars in Fig. 2B ). After N1303K-CFTR activation with forskolin-IBMX, the amiloride-sensitive whole cell current was significantly lower (Ϫ1.67 Ϯ 0.42; n ϭ 26, p ϭ 0.03), which is similar to our group's previous observations of WT CFTR behavior in this system (16, 32, 35) . These observations directly contrast with our previous observations with G551D-CFTR, where a similar magnitude of stimulated G551D-mediated current did not result in a decrease in amiloride-sensitive whole oocyte current (31) .
Our group previously demonstrated (35) that the decrease in ␣␤␥-mENaC functional expression on coexpression and activation with WT CFTR correlated with a change in mENaC surface expression (N) in surface biotinylation experiments. We performed similar experiments here and again used ␣␤␥-mENaC where the ␤-subunit contained a COOH-terminal V5 epitope tag to increase the sensitivity of our immunodetection. As shown in Fig. 3A , mENaC(␤-V5) expression at the oocyte surface was unaltered by exposure to forskolin-IBMX for 20 min in oocytes injected with ␣␤␥-mENaC alone and was also unaltered by coinjection of N1303K-CFTR before forskolin-IBMX activation. In contrast, mENaC(␤-V5) surface expression decreased on activation of N1303K-CFTR with forskolin-IBMX for 20 min in coinjected oocytes. There were parallel changes in surface expression of mENaC(␤-V5) and the ␣␤␥-mENaC-mediated current obtained by TEV (Fig. 2B) . These data suggest that activated N1303K-CFTR, even with its minimal Cl Ϫ transport activity, retains the ability to regulate the surface and functional expression of ␣␤␥-mENaC in oocytes.
We also assessed whole oocyte expression of mENaC(␤-V5) (Fig. 3B) . Expression of mENaC(␤-V5) was similar in oocytes injected with ␣␤␥-mENaC alone or coinjected with N1303K-CFTR. Activation of N1303K-CFTR did not alter the whole oocyte expression of mENaC(␤-V5). These data suggest that Fig. 2 . Expression of N1303K-CFTR and murine epithelial Na ϩ channel (mENaC) in Xenopus oocytes. N1303K-CFTR and ␣␤␥-mENaC were expressed separately or together in oocytes and TEV performed as described in EXPERIMENTAL PROCEDURES. A: stimulated CFTR currents represent changes in whole cell currents that were not inhibited by 10 M amiloride (Ϫ100-mV holding potential) in oocytes injected with N1303K-CFTR alone or coinjected with N1303K-CFTR and ␣-, ␤-, and ␥-mENaC, after stimulation with 10 M forskolin-100 M IBMX. Means Ϯ SE are illustrated. B: amiloride-sensitive whole cell currents (Ϫ100-mV holding potential) were determined in oocytes expressing mENaC or coexpressing mENaC and N1303K-CFTR before (open bars) and after (gray bars) stimulation with 10 M forskolin-100 M IBMX. Data obtained from the same N1303K-CFTR/mENaC-coinjected oocytes are presented in A and B. Means Ϯ SE are illustrated. ns, Not significant. activated N1303K-CFTR is similar to WT CFTR in its ability to acutely decrease the amount of mENaC(␤-V5) present at the oocyte surface without altering the total amount of mENaC(␤-V5) present in the oocyte.
As an additional test of whether extracellular to intracellular Cl Ϫ transport was required to observe inhibition of ENaC on N1303K-CFTR activation, we performed a series of ion substitution experiments. Oocytes were injected with cRNAs for either N1303K-CFTR (10 ng) or ␣␤␥-mENaC (0.33 ng/subunit) alone or with both N1303K-CFTR and ␣␤␥-mENaC cRNAs. However, in these experiments (Fig. 4) , TEV was performed with a bathing solution in which Cl Ϫ was replaced by aspartate. Figure 4A shows an I/V plot for oocytes injected with N1303K-CFTR before and after 25 min of activation with forskolin-IBMX in this Cl Ϫ -free bath. These data demonstrate a lack of significant forskolin/IBMX-stimulated current at Ϫ100 mV holding potential on activation of N1303K-CFTR. Whole cell currents, measured at a holding potential of Ϫ100 Fig. 3 . Surface and whole cell expression of ␣-, ␤-V5-and ␥-mENaC in oocytes with or without N1303K-CFTR. Forty-eight hours after injection, oocytes were incubated for an additional 20 min in the absence or presence of 10 M forskolin and 100 M IBMX. Cell surface biotinylation was performed as described in EXPERIMENTAL PROCEDURES. ␤-V5-mENaC was recovered by streptavidin-agarose precipitation and quantitated by immunoblot with an anti-V5 antibody. A: a representative immunoblot (n ϭ 3 independent experiments) is shown. Densitometric analysis of these surface biotinylation experiments was performed as described in EXPERIMENTAL PROCEDURES, and results are expressed as means ϩ SE; n ϭ 3 independent experiments normalized to density obtained with oocytes expressing ␣-, ␤-V5-, and ␥-ENaC in the absence of forskolin-IBMX stimulation. Open bars represent oocytes without forskolin-IBMX stimulation, and gray bars represent oocytes stimulated with 10 mM forskolin and 100 mM IBMX. P values were determined by ANOVA in comparison with ␣-, ␤-V5-, and ␥-mENaC. B: a representative immunoblot and densitometry of whole oocytes lysates of ␣-, ␤-V5-, and ␥-ENaC-injected oocytes demonstrating similar expression of ␤-V5-mENaC are also shown and are similarly representative of n ϭ 3 independent experiments. Open bars represent oocytes without forskolin Ϫ IBMX stimulation and gray bars represent oocytes stimulated with forskolin Ϫ IBMX. mV, were Ϫ0.30 Ϯ 0.04 and Ϫ0.45 Ϯ 0.07 A (mean Ϯ SE; n ϭ 6, P ϭ ns) before and after forskolin-IBMX, respectively. In contrast, significant forskolin/IBMX-stimulated current was present at positive holding potentials; whole cell currents, measured at a holding potential of ϩ40 mV, increased ϳ1.9-fold from 0.34 Ϯ 0.06 to 0.64 Ϯ 0.11 A (mean Ϯ SE; n ϭ 6, P ϭ 0.038) in response to forskolin-IBMX.
In oocytes expressing ␣␤␥-mENaC alone, the relative amiloride-sensitive whole cell currents, measured at a clamp potential of Ϫ100 mV in the Cl Ϫ -free bath, were again not significantly changed by incubation with 10 M forskolin-100 M IBMX (Fig. 4B) . Importantly, even in this Cl Ϫ -free bath, activation of N1303K-CFTR with forskolin-IBMX led to a significant reduction in the relative amiloride-sensitive whole cell current in oocytes co-injected with N1303K-CFTR and ␣␤␥-mENac (Fig. 4B) ; the relative amiloride-sensitive current after N1303K activation was 0.79 Ϯ 0.08 (n ϭ 10, P ϭ 0.027). The data in Fig. 4B are presented as relative amiloride-sensitive current because there was significant batch-to-batch variability among the four separate preparations of oocytes utilized; this batch-to-batch variability yielded a non-Gaussian data distribution that precluded the analysis of these raw data by parametric statistics before normalization. Importantly, even when the medians for these data were compared with nonparametric statistical techniques (Wilcoxon signed rank test), oocytes injected with mENaC alone had no significant change in amiloride-sensitive current in response to forskolin-IBMX, while oocytes coinjected with N1303K-CFTR and ␣␤␥-mENaC again demonstrated significant reduction in amiloride-sensitive current in response to forskolin-IBMX. For oocytes injected with mENaC alone, median (25%, 75%) amiloride-sensitive currents were Ϫ0.30 (Ϫ0.40, Ϫ0.23) A before and Ϫ0.34 (Ϫ0.62, Ϫ0.20) A after forskolin-IBMX (n ϭ 9, P ϭ not significant). In contrast, oocytes coinjected with N1303K-CFTR and ␣␤␥-mENaC had significantly decreased median amiloride-sensitive currents of Ϫ0.32 (Ϫ0.50, Ϫ0.14) A after forskolin-IBMX compared with Ϫ0.39 (Ϫ0.54, Ϫ0.20) A before N1303K activation (n ϭ 10, P ϭ 0.02). These data are therefore consistent with regulation of mENaC by activated N1303K-CFTR in the absence of inward Cl Ϫ transport and suggest that regulation of mENaC by activated CFTR can occur in the absence of Cl Ϫ transport.
Interregulation of N1303K-CFTR and ␣␤␥-mENaC after forskolin-IBMX-genistein stimulation. Our data suggest that N1303K-CFTR has poor Cl
Ϫ conductance in response to activation with forskolin-IBMX. This may indicate that N1303K has defects in other functional properties. We therefore examined whether the CFTR potentiator genistein, which activates G551D-CFTR, ⌬F508-CFTR, and WT CFTR Cl Ϫ conductance and restores functional interactions between ␣␤␥-mENaC and the G551D-CFTR and ⌬F508-CFTR mutants (31, 32) , is able to activate N1303K-CFTR and improve its regulation with mENaC. As shown in Fig. 5A , the amilorideinsensitive, or N1303K-mediated, component of the forskolin/ IBMX/genistein-stimulated (forskolin-IBMX for 25 min followed by genistein for 15 min) whole cell current in oocytes coexpressing N1303K-CFTR and ␣␤␥-mENaC was 9.3-fold greater than the forskolin/IBMX/genistein-stimulated current measured in oocytes expressing N1303K-CFTR alone [N1303K-CFTR Ϫ0.15 Ϯ 0.02 A (n ϭ 19) vs. N1303K-CFTR/mENaC Ϫ1.4 Ϯ 0.52 A (n ϭ 19); P ϭ 0.006].
Coinjection of ␣␤␥-mENaC increases WT CFTR open probability (P o ) and surface expression in oocytes (16) . In contrast, coinjection of ␣␤␥-mENaC increases forskolin/ IBMX/genistein-stimulated G551D-CFTR-mediated current in oocytes but does not alter G551D's P o (31) . We attempted to determine whether this significant increase in forskolin/IBMX/ genistein-stimulated, N1303K-mediated whole oocyte current with coinjection of ␣␤␥-mENaC reflected a change in N1303K-CFTR's P o . Unfortunately, we were unable to observe singlechannel CFTR currents in 50 patches obtained from oocytes expressing either N1303K-CFTR alone or N1303K-CFTR with ␣␤␥-mENaC. However, we were able to record mENaCmediated outward Na ϩ single-channel currents in oocytes coexpressing N1303K-CFTR and ␣␤␥-mENaC (data not shown). This suggests that these oocytes were viable and able to express channels, but that the number of N1303K-CFTR channels at the oocyte surface was insufficient to detect single channel events. Alternatively, forskolin-IBMX-genistein was inefficiently stimulating channel activity under our conditions. These results agree with the low level of currents observed on whole cell recordings, and with previous data suggesting that this mutation primarily affects channel processing (3, 11) . (Fig. 5B) . Our group's recent data (33) suggest that this increase in mENaC functional expression is not associated with an increase in mENaC surface expression, and therefore is due to increases in either mENaC P o or unitary conductance or both. In oocytes coexpressing ␣␤␥-mENaC and N1303K-CFTR, the amiloride-sensitive currents also modestly but significantly increased after stimulation with forskolin-IBMX-genistein [Ϫ1.9 Ϯ 0.4 A (Ϫforskolin-IBMXgenistein) vs. Ϫ3.0 Ϯ 0.5 (ϩforskolin-IBMX-genistein); n ϭ 19, P Ͻ 0.001]. These data contrast with our previous observations with WT, ⌬F508-, and G551D-CFTR, where such an increase in ␣␤␥-mENaC-mediated current after forskolin-IBMX-genistein in CFTR/mENaC-coinjected oocytes was not present (31, 32) . These data are consistent with genistein not further improving regulation of ␣␤␥-mENaC by N1303K-CFTR and therefore being a less effective potentiator of N1303K-CFTR function than it is for ⌬F508-and G551D-CFTR.
Synergistic activation of N1303K-CFTR by genistein and ENaC. As discussed above, forskolin/IBMX-stimulated, N1303K-CFTR-mediated currents were increased ϳ1.3-fold with the addition of genistein alone (Fig. 1, A and B) . Oocytes coinjected with N1303K-CFTR and ␣␤␥-mENaC had approximately fourfold greater amiloride-insensitive, forskolin/IBMX-stimulated N1303K-mediated currents compared with oocytes injected with N1303K-CFTR alone ( Fig. 2A) . Interestingly, oocytes coinjected with N1303K-CFTR and ␣␤␥-mENaC had an ϳ10-fold greater N1303K-mediated current in the presence of genistein compared with oocytes expressing N1303K-CFTR alone and stimulated with forskolin-IBMX (Fig. 5A ). These data demonstrate synergistic enhancement of N1303K-CFTR functional expression by genistein and ␣␤␥-mENaC in the presence of forskolin-IBMX, and are similar to our previous data suggesting synergistic enhancement of G551D-CFTR (31) and I148T-CFTR (33) function by genistein and ␣␤␥-mENaC. These data are therefore consistent with genistein and ␣␤␥-mENaC enhancing N1303K-CFTR function in oocytes by different and complementary mechanisms. We attempted to probe the mechanisms underlying this synergy by performing single-channel recordings of N1303K-CFTR, but, as detailed above, these experiments were not successful. Furthermore, the quite low NP o for N1303K-CFTR suggested by these experiments, and our group's previous experience with biochemical detection of surface CFTR expression by surface biotinylation in oocytes, suggests that the surface expression of N1303K-CFTR in oocytes is likely below the limit of experimental detection.
DISCUSSION
One hypothesis of the pathophysiology of the CF airway is that the absence of CFTR leads to increased ENaC activity in the airway epithelia. This results in increased solute and liquid absorption, decreased airway surface liquid volume, and decreased mucociliary clearance (17) . The regulatory interactions of CFTR and ENaC are thus likely to influence the CF airway phenotype. The interactions of CFTR and ENaC have been extensively studied in the Xenopus oocyte system, although the mechanism of these functional interactions in oocytes remains the subject of debate. Our data here add additional structural and functional information regarding features of CFTR that are necessary for these interactions.
Methodological issues. Our methods here and in our previous publications (31) (32) (33) 35) slightly differ from those of other groups who have studied the interactions of CFTR and ENaC in the oocyte system and obtained contrasting results (7, 23, 24) . Our TEV protocol used a 20-mV step from Ϫ140 to ϩ60 mV. Oocytes were allowed to "rest" between applications of the clamp protocol. In contrast, both Chabot et al. (7) and Nagel et al. (23) used a ramp protocol and observed that activation of CFTR did not result in a decrease in ENaC functional expression. Nagel et al. (23) also presented continuous recordings of current obtained with an oocyte clamped at Ϫ60 mV. Here, and in our previous publications, we have used murine ENaC, whereas Chabot et al. (7) used rat ENaC, and Nagel et al. (23) used both rat and human ENaC. The amounts of injected cRNA are also somewhat different. We do not know how these differences in experimental design and protocol may influence these data. However, we have published data comparing the interactions of human and murine ENaC with WT CFTR (35) ; our data demonstrate differential effects of activated WT CFTR on human and murine ENaC. Furthermore, our data for human ENaC are not inconsistent with those of Nagel et al. (23) , suggesting that the species of origin of ENaC may be critical in experiments such as these. The other major difference between our data here and in previous publications (33, 35) and the observations of others is our correlation of changes in functional ENaC expression by TEV with changes in ENaC surface expression detected by biochemical assay.
Regulation of mENaC by activated CFTR does not require significant Cl Ϫ transport. Recent data have suggested that the degree of decreased functional expression of ENaC is correlated with the degree of Cl Ϫ transport by activated CFTR (2). However, our data here are inconsistent with the hypothesis that Cl Ϫ transport by activated CFTR is required for the decreased functional expression of mENaC. The forskolin/ IBMX-stimulated current of N1303K-CFTR is very low (Figs.  1 and 2 ), yet activation of N1303K leads to decreased ␣␤␥-mENaC functional and surface expression in a fashion similar to WT CFTR (35) . Furthermore, the functional expression of mENaC also decreases on activation of N1303K-CFTR when inward Cl Ϫ transport is prevented by removing Cl Ϫ from the bath solution (Fig. 4) . Thus these data suggest that high amounts of Cl Ϫ transport are not necessary for regulation of ␣␤␥-mENaC by activated CFTR. Because high amounts of Cl Ϫ transport leading to significantly decreased oocyte membrane resistance are necessary to generate a series resistor error in TEV experiments, these data are therefore also inconsistent with the hypothesis that the decrease in ␣␤␥-mENaC functional expression on CFTR activation results from a series resistor error (24) .
These data are not contradictory to the reports that elevations of cytosolic Cl Ϫ concentrations lead to inhibition of mENaCmediated Na ϩ transport (10) . Rather, these data suggest that there are potentially two nonexclusive mechanisms by which activation of CFTR may inhibit mENaC. Inhibition of mENaC may result from significant CFTR-mediated inward Cl Ϫ transport such that the cytosolic Cl Ϫ concentration substantially increases. Alternatively, as described here and in our previous work (35) , activation of CFTR decreases mENaC surface expression. Our data here and in previous publications support the latter mechanism being more important in oocytes under our experimental conditions. Here, Cl Ϫ transport by activated N1303K-CFTR was not required to observed inhibition of mENaC. In contrast, we recently demonstrated that activation of I148T-CFTR, which maintains the ability to transport Cl Ϫ at levels similar to WT CFTR (9, 33), did not lead to inhibition of mENaC in oocytes despite supporting significantly higher Cl Ϫ transport (33) than N1303K-CFTR did in the present experiments.
NBD-1 is a critical element for regulation of ENaC by activated CFTR. Interestingly, previous studies have suggested that the forskolin/IBMX-regulated inhibition of ENaC by CFTR does not require expression of the full-length CFTR protein. Forskolin/IBMX-dependent inhibition of ENaC can be observed when ENaC is coexpressed either with WT CFTR truncation mutants containing an intact NBD-1 (29) or with a WT CFTR peptide fragment containing NBD-1 and the R domain (19) . A similar NBD-1/R peptide fragment containing the G551D mutation did not demonstrate forskolin/IBMXregulated inhibition of ENaC (19) . These data suggest that a structurally and functionally intact NBD-1 of CFTR is required for this regulatory interaction. Furthermore, the data demonstrating forskolin/IBMX-regulated inhibition of ENaC by the NBD-1/R peptide are also consistent with the notion that Cl Ϫ transport is not required for this interaction.
We previously showed (31, 32) that CFTRs with NBD-1 mutations (G551D-CFTR and ⌬F508-CFTR) lack the ability to regulate ␣␤␥-mENaC when activated by forskolin-IBMX. Our data here with N1303K are also consistent with a structurally and functionally intact NBD-1 being a critical element in this regulatory interaction. Like ⌬F508-CFTR, N1303K-CFTR is a class II CFTR trafficking mutation that, according to our data here, is able to achieve a low level of functional expression at the permissive temperature of 18°C in oocytes. Yet, unlike ⌬F508-CFTR, N1303K-CFTR has an intact NBD-1 and a mutant NBD-2 and interestingly retains the ability to regulate ␣␤␥-mENaC functional and surface expression in oocytes on activation. These data with N1303K-CFTR suggest that a mutant NBD-2, which lacks intrinsic adenylate kinase activity (26) , still allows for regulation of ␣␤␥-mENaC by activated CFTR. These data are also consistent with functional nonequivalence of CFTR class II trafficking mutants and may suggest the need for further refinement of mutation-directed correction strategies.
Further evidence that genistein influence CFTR via NBD-2. Genistein activates CFTR (WT, ⌬F508, and G551D) Cl Ϫ transport by increasing channel open time and decreasing channel closing, thereby increasing channel P o (1, 34) . While the molecular details of this action remain elusive, others have suggested that genistein interacts directly with CFTR via the second nucleotide binding fold, NBD-2 (25) . Our data are consistent with this suggestion. Genistein only modestly (1.3-fold) enhanced N1303K-CFTR mediated current in these experiments. These data contrast with our previous observations that genistein enhanced Cl Ϫ transport by WT CFTR and the NBD-1 mutants ⌬F508-and G551D-CFTR by four-to sixfold (31, 32) . Furthermore, while genistein improves the regulation of ␣␤␥-mENaC by activated ⌬F508-and G551D-CFTR (31, 32), it did not enhance regulation of ␣␤␥-mENaC by activated N1303K. These results are consistent with CFTR's NBD-2 being a critical determinant in the genistein action as a mutant CFTR potentiator.
Conclusions. These data suggest that N1303K-CFTR retains regulatory interactions with ␣␤␥-mENaC in oocytes. Given the low level of N1303K-CFTR functional expression, and our observations that regulation of mENaC occurred in the absence of inward Cl Ϫ transport, these data provide additional evidence that CFTR-mediated Cl Ϫ transport is not required for such interactions to occur. Rather, these data provide additional support for the notion that NBD-1 is a critical element for these interactions and that the class II CFTR mutants ⌬F508 and N1303K are functionally distinct. These data also provide further evidence that genistein may act through CFTR's NBD-2. These considerations suggest a potential added level of complexity in considering pharmacological repair of mutant CFTR function.
